Dry-land strength training is a fundamental component for elite kayak performance. The aims of this research were three-fold; firstly, to determine the relationship between performance time and strength scores for elite kayakers. Secondly, to identify how strength changes (gains or losses) over three training years relate with changes in performance time for elite kayakers.
respectively. These ranges therefore generate different physiological demand 1 . The different power requirements may naturally evolve to more event-specific dry-land training.
Elite flat-water kayakers have a blend of unique physiological traits including specific anthropometrical measures, high aerobic and anaerobic capacities, combined with upper body strength [2] [3] [4] [5] . When comparing Olympic level kayakers between the 1976 Montreal and the 2000 Sydney Games there have been some distinct morphological changes in upper body structure, specifically increases in chest and upper arm girths, as well as lean muscle mass 5 .
An increase in body weight can be detrimental to performance in body weight related sports, such as flat-water sprint kayak, due to associated changes in drag and possible reductions in power-to-weight ratios. The two new distinct race distances for males (200-m and 1000-m), may now see further change and the evolution of two different strength-to-performance athlete profiles.
Dry-land resistance strength training and the assessment of strength measures is a essential component of elite kayak training [6] [7] [8] . Typically elite flat-water sprint kayakers use strength training to further develop their strength and/or stability in specific body regions. Explosive resistance training has been shown to enhance the rapid development of force and speed maintenance, while slow resistance training was more suitable for the acceleration phase of starting in sprint kayaking 9, 10 . With respect to the mechanics of the kayak stroke, strengthening within the 'pull' and 'push' motions have been highlighted as important 7 .
Differences between gender for this 1RM pull-to-push strength ratio has been identified as 1.3 for males and 1.5 for female sub-elite kayakers 8 . For elite juniors kayakers the 1RM barbell bench-press and one-arm cable row were good predictors for the start phase in kayaking, an aspect that is certainly more critical in the shorter 200-m event 7 . The authors of this recent research suggest however that whilst these scores may be good predictors for the start phase, the relationship with on-water performance is not known and has not been reported in elite senior athletes.
Due to the nature of elite athletes and sport, longitudinal studies on strength training and subsequent changes to performance are difficult to track. There are limited (if any) published longitudinal studies on sprint kayaking and the role of strength training. To address this issue, the aims of this research were three-fold; firstly, to determine the relationship between performance times and strength scores for elite kayakers. Secondly, to compare strength changes (gains or losses) over three training years with changes in performance times for elite kayakers. Thirdly, to compare changes in performance times of the athletes in the research group with the top three performers from the national championships.
Methods

Subjects-
The project commenced with 15 elite male (K1) kayakers (21.8 years ± 5.5) and 10 elite females (WK1) (18.8 years ± 3.6) in the initial two years (years 1 and 2). This group was reduced to nine males (24.8 years ± 5.5) and eight females (21.8 years ± 3.6) in the third and final year of the project. All kayakers were members of the national teams program and had competed internationally. All participants gave informed consent prior to commencement of the institutional ethics committee approved study.
Design-Experimental design involved a longitudinal descriptive study.
Methodology-Participants height (cm), weight (kg), and baseline strength measures were assessed two weeks prior to national titles over the course of three consecutive years, resulting in four data sets; start of year 1 (Baseline), and end of years 1, 2, and 3.
Performance times for all participants, to the nearest tenth of a second, were taken over 200-m, 500-m and 1000-m from official race times recorded at Australian National Titles. All athletes had not yet specialised in any specific distance and as such had no preferred race distance. The average race time of the three medallists for each event was used to determine the differences between the athletes in the research group and the top three performers each year. The direct comparison made within the same event enabled the event-specific conditions to be normalised between athlete groups.
Maximal strength (1RM) testing was conducted using standard Olympic bars, plates and collars (Australian Barbell Company Melbourne, Australia). These methods were similar to those previously reported. 7, 8, 11 Following a graduated warm up, 1RM-Bench-Press and 1RM-Pull-Up were used to test strength and to define the Pull-Push ratio. was controlled correctly during descent and the bar touched the chest before being pressed to full elbow extension. A certified strength coach provided correct protocol and spotting during the tests.
The annual periodised training program was based on a national competitive season from December to March, the international competitive season continued through to August.
The training plan followed a general training period (May to September), a specific training period (September to January) and competitive period (January to March). A typical training week during the general training period involved three to four strength sessions, 60-70 minutes each. The sessions consisted of 6-8 repetitions (3-4 second eccentric and 1-2 second concentric tempo), 4-6 sets, 75-85% 1RM with 60-90 second inter-set rests. The specific training period involved three strength sessions lasting 50-60 minutes. These sessions used 3-6 repetitions (2-3 second eccentric and dynamic concentric tempo), 4-6 sets, 85-95% 1RM
with 90-120 second inter-set rests. The competitive period involved two strength sessions lasting 50 minutes each, using 4-8 repetitions (1-2 second eccentric and dynamic-explosive concentric tempo using bands), 4-6 sets, 65-80% 1RM with 120 second inter-set rests.
Strength programs typically involved six exercises performed as pairs completed in a superset style. Strength training sessions were preferentially arranged before on-water sessions, or after at least half a day rest. Key movements such as bench pull, pull ups, bench press and a range of rotational core strength exercises were common to all programs.
Statistical Analysis-A multi-factor ANOVA between male and female kayakers was 
Results
The results for the strength scores and performance scores are presented in Table 1 . There were significant differences across all but one measure, the Pull-Push ratio for year 3 between genders. The mean values for each gender also show the kayakers became, taller, heavier, and stronger across the three seasons. Over this time frame the mean value of Pull-Up 1RM increased by 30.5% for males, and 13.4% for females. Similarly, Bench-Press 1RM increased by 34.8% for males and 42.3% for females.
Kayakers' performance times across the three seasons are presented in Table 2 , along with the comparison of the participant's performance times with respect to the national championship event medallists from the same event. Over the course of the three seasons, the mean value of 1000-m decreased by 4.7% for males and 4.9% for females. Similarly, 500-m times decreased by 3.7% for males and 7.3% for females, and 200-m times reduced 5.4% and 9.1% respectively. The mean value of the group improved their times with males less than 6% off the average time of the medallists for each event and females less than 4% difference.
Pearson correlations between Kayakers' performance and strength scores for each year and overall across the three seasons are presented in Table 3 . Males achieved equally strong correlations for both Pull-Up 1RM and Bench-Press 1RM to performance times, whilst females achieved strong correlations only for the Bench-Press 1RM to performance times.
Changes between each year, in terms of raw data and percent effect statistics, presented for males in Table 4 and females in Table 5 . 12 . Over the course of this study it appears that male kayakers tended to remain at or around a Pull:Push ratio of 1.30, and females approached this same ratio by the end of the third year. The authors suggest that a common
Pull:Push ratio as described in this research of 1.30 may exist and coaches should consider identifying this ratio in sprint kayak paddlers as part of the strength and conditioning program. As these measures were tracked across a three year period, it may also suggest that as paddlers mature this ratio may stabilise, however the exact ratio of the world's best paddlers may differ again due to their longevity in sprint kayaking.
There were large changes in strength for males Pull-up 1RM (d=1.07) and Bench Press 1RM (d=0.87). Similarly large changes for females were also found for Pull-up 1RM (d=0.90) and Bench Press 1RM (d=2.15). The current study reports strength scores at the seasons end rather than after any specific period of training where 1RM was the focus. It would be expected that 1RM strength would be at its highest during the specific training period and reduce due to altered training focus during the competitive period Both strength scores for males achieved moderate to strong significant correlations for both year 1 and year 2, as well as overall across the three seasons for all three distances. Year 3 strength scores for males achieved no significant correlation, this suggested that changes in performance times in third year related to factors other than changes in strength. This may be due to the concept that kayak paddling may require a specific level of strength, and once achieved changes in strength are not related to improvement in performance times. Whilst strength scores changed by a similar amount each year; approximately 10kg; the lack of any significant correlation in year 3 suggests peak strength may have already been achieved.
Further this may indicate that in developing sprint kayakers strength changes may coincide with changes in performance but not necessarily be directly responsible for those changes due to the many factors of training that result in increased performance times. Once reached these strength levels may simply underpin overall performance rather than be directly attributable to them.
The second aim of this research was to identify how strength changes (gains or losses) over three training years compared with changes in performance times for elite kayakers. Bench-Press 1RM scores reported for this group in year 3 is similar to previously reported national level female kayakers. 8, 9 However, in these studies no correlations between strength scores and performance times were indicated, which is different to the current study respectively across the three years of this study. This was matched with changes in performance times of 2.5-3.1% across all distances during the same time for males and 5.0-9.3% for females. Overall performance times as an average for all distances decreased by 2.9% for males and 7.3% for females across the three year period. This is an improvement against the top 3 paddlers in the country and this cohort from 10% in year 1 to just under 5% in year 3 for males and 11.1% to 2.5% for females. During the three years of this study a change in 1RM Bench-Press of 13% for males and 6.5% in females coincided with a change in performance times of 1%. For 1RM Pull-Up a change of 10% in males and 2.3% in females coincided with a change in performance times of 1%. The results of this study suggest strength has an important role to play in developing elite athletes and providing a foundation to long term elite performance times.
Practical applications
The results of this study show several strategies that would benefit coaches. There was a significant difference between genders (p<0.01) for all measures in Table 1 EXCEPT PU:BP Ratio (%) in year 3 shown by # 
